Neurophysiological, biochemical, and anatomical evidence implicates glutamatergic mechanisms in epileptic seizures. Until recently, however, longitudinal characterization of in vivo glutamate dynamics was not possible. Here, we present data using in vivo magnetic resonance spectroscopy (MRS) optimized for the detection of glutamate to identify changes that evolve following kainic acid (KA)-induced status epilepticus. Wild-type male Wistar rats underwent whole-brain MR imaging and single-voxel MRS on a clinical 3 T scanner equipped with a high-strength insert gradient coil. Scanning took place before and then 3 days, 28-32 days, and 42-50 days after induction of status epilepticus. Analyses compared 5 seizure (Sz), 5 no-seizure (NoSz; received KA but did not exhibit seizures), and 6 control (Con) animals. This longitudinal study demonstrated reduced glutamate levels in vivo in the dorsal hippocampus 3 days and 1 month following status epilepticus in Sz animals compared with Con animals. Additionally, previous results were replicated: in the Sz group, computed T2 was higher in the ventral hippocampus and limbic cortex 3 days after seizure activity compared with baseline but resolved in both regions at the 1 month scan, suggesting a transient edema. Three days following seizure activity, N-acetylaspartate (NAA) declined and lactate increased in the dorsal hippocampus of the Sz group compared with the Con and NoSz group; both metabolites approached baseline levels by the third scan.
Introduction
Ample data support a role for glutamate in epilepsy. In vivo microdialysis studies report elevated extracellular glutamate levels before or during seizures in hyperexcitable brain regions in animal models of epilepsy (Liu et al., 1997; Sierra-Paredes et al., 1998 ; but see Tanaka et al., 1996; Wade et al., 1987 ) and in patients with medial temporal lobe epilepsy (Carlson et al., 1992; During and Spencer, 1993; Wilson et al., 1996) . A sustained elevation in basal release of glutamate (Zhang et al., 1991) , in addition to initiating and maintaining epileptic seizures, may be excitotoxic and contribute to cell death (e.g., Magloczky and Freund, 1993; Meldrum, 1993) . In the interictal stage, in vitro studies report low glutamate content in hippocampal tissue from both animals (Koyama, 1972) and humans (Peeling and Sutherland, 1993) potentially reflecting the loss of glutamatergic neurons of the hippocampus. Recent in vitro magnetic resonance spectroscopy (MRS) studies demonstrate a reduction in the amount of 13 C labeling of glutamate in the hippocampal formation of systemically treated kainic acid (KA) rats (Alvestad et al., 2008) and biopsied hippocampal tissue from patients with medial temporal lobe epilepsy (Petroff et al., 2002) . However, our understanding of the role of altered glutamate homeostasis in epilepsy is incomplete, especially in vivo, and techniques such as in vivo microdialysis have limited applicability to longitudinal studies (Plock and Kloft, 2005) . Temporal lobe epilepsy can be modeled in rodents by administration of KA (Williams et al., 2007) . As an excitatory amino acid agonist (Ferkany et al., 1982) , KA can provoke prolonged seizures (i.e., status epilepticus), characterized by salivation, rearing, bilateral upper extremity clonus, and falling (Lothman and Collins, 1981) , and set in motion a process of epileptogenesis that may lead to spontaneous seizures (Williams et al., 2007) . Postmortem histological evaluation demonstrates a specific pattern of neuronal loss largely restricted to cells of the hippocampus, amygdala, and related parts of the thalamus and cortex (e.g., piriform and entorhinal cortices; Nadler and Cuthbertson, 1980; Schwob et al., 1980; Sperk et al., 1983; Sperk, 1994) . This specific regional profile of brain damage in rodents following KA-induced status epilepticus resembles Ammon's horn sclerosis (Sagar and Oxbury, 1987) . Neuronal loss as a consequence of KAinduced status epilepticus involves, at last in part, an apoptotic mechanism dependent on activation of caspase-3 protease activity (Faherty et al., 1999; Gale, 2000, 2004; Puig and Ferrer, 2002; Tokuhara et al., 2007) .
In vivo studies using magnetic resonance imaging (MRI) protocols sensitive to mobile water protons (e.g., T2-weighted images or computed T2 maps) have enabled tracking of the evolution of brain changes associated with KA-induced seizures. T2-weighted images typically detect hyperintensities at 24 h (e.g., TE = 272 ms; Ebisu et al., 1996) that persist for 3 days after systemic KA injection (Ebisu et al., 1994) and for 10 days following local intracerebral KA injections (e.g., Bouilleret et al., 2000; Luna-Medina et al., 2007; Tanaka et al., 1993) . Postmortem analyses suggest that regions of hyperintense T2-weighted signals in the acute period following seizure activity reflect edema (e.g., Hantraye et al., 1992; Tanaka et al., 1993) .
Along with gross morphology and tissue quality measurements from structural MRI, chemical constituents of tissue are detectable with MRS (cf., Adalsteinsson et al., 2002; Zahr et al., 2009) . N-Acetylaspartate (NAA), a presumed neuronal marker, is lower in the rat hippocampus (Najm et al., 1997 (Najm et al., , 1998 and piriform cortex (Ebisu et al., 1996) 24 h to at least 7 days (Najm et al., 1997) after systemically administered KA; NAA reductions persist for up to 84 days following local intracerebral stereotaxic injections of KA (Luna-Medina et al., 2007; Tokumitsu et al., 1997) . KA administration is also associated with an increase in hippocampal lactate that occurs within 3 h of seizure induction (Meric et al., 1994) and persists for 7 days after systemic injection (Najm et al., 1997 (Najm et al., , 1998 and upwards of 9 days after local hippocampal injection of KA (LunaMedina et al., 2007) .
The present in vivo longitudinal study was undertaken to replicate previous MRI and MRS results and to extend earlier work by quantifying glutamate levels at baseline and as long as 1 month following KA-induced status epilepticus. We hypothesized that MRI would detect a transient increase in computed T2, indicative of edema in response to systemic KAinduced status epilepticus, and that structural evidence for neuronal loss in limbic structures would be paralleled by ventricular enlargement. We also predicted that NAA levels would decrease and lactate levels would increase in the dorsal hippocampus as a result of KA-induced seizure activity. Notably, based on recent in vitro studies using 13 C labeled glucose, we expected levels of glutamate to decline in the dorsal hippocampus in the interictal period following status epilepticus. Confirmation of previous results (reduced NAA and increased T2 and lactate) supports the novel in vivo finding of decreased glutamate following KA-induced status epilepticus. Radiological results were verified with postmortem immunohistochemical staining for caspase-3.
Results
Between-group analyses were conducted on computed T2 data from scans 1 and 2 and on MRS data from scans 1, 2, and 3. Only the seizure (Sz) group was scanned 4 times and formed the basis for within-subject analyses of ventricular volume (Table 1) . Body weight data for the control (Con) and no seizure (NoSz) groups is absent at the 42-to 50-day time point since these groups did not receive a 4th scan. For the first 3 scans, there were no group differences in body weights; within each group, however, rats were significantly larger at scan 3 compared with scans 1 and 2.
Changes in computed tissue T2
Regions of interest (ROI) were manually drawn on late-echo images in the dorsal and ventral hippocampus, and in cortical regions (starting at ∼−7.00 Bregma) lateral to the hippocampus extending from the entorhinal cortex to the piriform cortex (referred to as the limbic cortex, Fig. 1 ). For statistical analysis, tissue T2 values were computed using the average ROI values for the early-and late-echo images. A 3-group (Con, Sz, NoSz) by 2-time (baseline and 3 days after KA) analysis of variance (ANOVA) examining computed T2 changes in the dorsal hippocampus did not reveal any group, time, or interaction effects (Fig. 1 ). In the ventral hippocampus, a similar ANOVA yielded a group-by-time interaction (F(2,13) = 6.01, p = .0142, GG = .0142; nonparametric Kruskal-Wallis (KW) results: H = 6.38, p = .041), indicating that the Sz group had a significant computed T2 increase between scan 1 and scan 2 relative to the Con and NoSz groups, neither of which changed between scans. Follow-up t-tests confirmed a greater computed T2 change (percent increase from baseline) in the ventral hippocampus 3 days after KA-induced status epilepticus in the Sz group relative to the Con group (t(9) = 3.09, p = .0129) and the NoSz group (t(8) = 2.43, p = .0412, Fig. 1 ). The limbic cortex showed a similar pattern, where an ANOVA yielded a groupby-time interaction (F(2,13) = 11.85, p = .0012, GG = .0012; KW results: H = 9.97, p = .0069). The Sz group had increased computed T2 in the limbic cortex 3 days after KA-induced status epilepticus compared with the Con (t(9) = 4.26, p = .0021) and NoSz groups (t(8) = 3.38, p = .0097) (Fig. 1) . One month (28-32 days) following status epilepticus, the computed T2 increase in the limbic cortex had resolved; in the ventral hippocampus, fluid-filled cysts were clearly evident precluding meaningful computation of T2 values at the third scan (Fig. 2) .
Ventricular enlargement
Within the Sz group, a repeated-measures ANOVA examining ventricular volume across the 4 MRI sessions revealed a significant effect of time (F(3,12) = 10.68, p = .001, nonparametric Friedman test results: χ 2 = 10.68, p = .0136), indicating an increase in ventricular volume (Fig. 3) . Three days after KAinduced status epilepticus, the Sz group showed no significant increase in ventricular volume (p = .8573). One month after status epilepticus, however, ventricular volume in the 5 Sz rats was 7.6 fold higher than baseline (p = .0195) and 7.3 fold higher than it was 3 days after KA administration (p = .027). Between 1 month (28-32 days) and 42-50 days after status epilepticus, 2 of the 5 seizure animals showed ventricular shrinkage, although individual variability among seizure animals was large (Fig. 4) .
Metabolite changes
MRS data were collected in the dorsal hippocampus to evaluate the effects of the KA-induced status epilepticus and in the cerebellum as a control brain structure thought to be spared by seizure activity (Fig. 5 ). In the dorsal hippocampus, a 3-group (Con, NoSz, Sz) repeated-measures (3 scan sessions, 6 metabolite signals) ANOVA revealed group-bymetabolite (F(10,65) = 2.84, p = .006, GG = .02) and group-bymetabolite-by-time (F(20,130) = 3.5, p = .0001, GG = .005) interactions, indicating a significant effect of status epilepticus on metabolite levels. Three days after seizure induction, NAA in the Sz group was significantly lower than in the Con (t(9) = 2.62, p = .014) and NoSz groups (t(8) = 2.94, p = .0093) (Fig. 6 ). At the 1 month scan there was 50% recovery of NAA, with levels which had dropped to 69% of baseline up to 83% of baseline; however, NAA levels in the Sz group were still significantly lower than the Con group (t(9) = 2.66, p = .0129; Fig. 7 ). Within the Sz group, the decrease in NAA between baseline and 3 days following seizure activity was significant (t(4) = 2.99, p = .0401), as was the increase in NAA between 3 and 28-32 days following seizures (t(4) = 3.66, p = .0215). Lactate increased 3 days after status epilepticus in the dorsal hippocampus in the Sz group compared with both the Con (t(9) = 3.55, p = .0031) and NoSz groups (t(8) = 2.96, p = .0091). By the third scan, 1 month after status epilepticus, lactate levels in the dorsal hippocampus were indistinguishable among the 3 groups (Fig. 7) . Within the Sz group, the significant increase in lactate 3 days following status epilepticus (t(4) = 3.93, p = .0171) was followed by a significant decrease in lactate at the scan performed 1 month following seizure activity (t(4) = 3.01, p = .0397).
MRS-detectable glutamate in the dorsal hippocampus showed modest but predicted (1-tailed t-tests) changes. Specifically, glutamate tended to be lower in the Sz group compared with the Con group at 3 days and 1 month (3 days: t(9) = 1.93, p = .0427, 1 month: t(9) = 1.80, p = .0528) and lower than the NoSz group at 3 days (t(8) = 1.84, p = .0515) but not at 1 month following seizure activity. Within the Sz group, the decrease in glutamate observed between baseline and 3 days following seizures was significant (t(4) = 3.07, p = .0186); at the third scan, 1 month following seizures, glutamate levels in the Sz group remained lower than at baseline (t(4) = 1.97, p = .0603). Status epilepticus did not significantly affect any of the other MRS-measured metabolites in the dorsal hippocampus.
In the cerebellum, a similar 3-group repeated-measures ANOVA yielded a group-by-metabolite-by-time interaction (F (20,130) = 2.36, p = .002, GG = .03), likewise indicating a significant seizure effect on metabolite levels. Three days after seizure induction, there was a significant increase in Cho in the cerebellum of the Sz group compared with the Con (t(9) = 2.47, p = .0353) and NoSz groups (t(8) = 2.49, p = .0374) that resolved 1 month later (Fig. 8) . The Glx peak was also higher in the cerebellum of the Sz group 3 days after seizures compared with the NoSz group (t(8) = 2.56, p = .0337), but this was in part due to a drop in Glx in the NoSz group (Fig. 8) . A significant difference in Glu was observed between the Con and NoSz groups (t(9) = 2.95, p = .0163) 1 month after KA administration, but the significance was carried by an inexplicable increase in Glu in the Con group.
Immunohistochemistry
A 3 group-by-3 region (CA1, CA3, DG) repeated-measures ANOVA revealed group effects (F(2,12) = 15.83, p = .0004), indicating a disproportionately higher number of caspase-3 staining cells in the Sz group than in the Con or NoSz groups. Follow-up t-tests revealed that the Sz group had a higher number of caspase-3 staining cells compared with the Con and NoSz groups in the CA1 (Con t(9) = 4.18, p =.0024; NoSz t(7) = 5.65, p = .0008) and CA3 (Con t(9) = 2.58, p = .0296; NoSz t(7) = 3.23, p = .0144) regions of the hippocampus. Total caspase-3 staining in the hippocampus was likewise higher in the Sz group than the Con (t(9) = 4.92, p = .0008) and NoSz groups (t(7) = 5.38, p =.001).
Correlations
The relationships between ventricular volume, NAA, and glutamate at the third scan were explored using simple regression analysis including only the Sz group. A significant correlation between ventricular volume and glutamate levels (ρ = 1, p = .05) revealed that lower glutamate levels were associated with larger ventricular volumes (Fig. 9) . Similarly, lower NAA levels were associated with larger ventricular volumes (ρ = .9, p = .07; Fig. 9 ). Glutamate and NAA were related such that lower glutamate correlated with lower NAA (ρ = .9, p = .07; Fig. 9 ).
Discussion
KA per se was ineffective in producing in vivo evidence of brain changes; by contrast, status epilepticus produced both local and global changes (O'Shaughnessy and Gerber, 1986) . At 3 days following status epilepticus, edematous tissue localized bilaterally to the ventral hippocampus and limbic cortex, as evidenced by the increase in computed T2. One month following status epilepticus, the T2 increase in the limbic cortex resolved, cavitations were present in the ventral hippocampus, and signs of ex vacuo ventricular dilation were evident. Partial recovery of ventricular volume was observed 42-50 days following seizure induction in 2 of 5 seizure rats. At the acute, 3 day time point, the dorsal hippocampus revealed significant declines in NAA and glutamate and increases in lactate selective to rats that exhibited status epilepticus. While a fall in lactate to baseline levels was observed, NAA and glutamate levels remained lower in the Sz compared with the Con group at the third scan, 1 month following status epilepticus. At postmortem, 50 days after status epilepticus, immunohistochemistry revealed a higher number of caspase-3 stained cells in CA1 and CA3 regions of the hippocampus in the Sz group compared with the NoSz and Con groups, indicative of cell death and consistent with the enduring depression of NAA and glutamate in the Sz group.
Changes in computed T2
Late-echo fast spin-echo (FSE) images revealed hyperintensities quantified as increased computed T2 values in the ventral hippocampus and limbic cortex of the Sz group 3 days after status epilepticus in agreement with previous MR studies carried out 1 -3 days following systemic KA-induced seizures (Ebisu et al., 1994 (Ebisu et al., , 1996 Righini et al., 1994) and upwards of 9 days following local KA injections into the hippocampus (Bouilleret et al., 2000; Luna-Medina et al., 2007; Tanaka et al., 1993) . Brain edema begins 2-24 h after KA injection (Lassmann et al., 1984; Schwob et al., 1980; Sperk et al., 1983) , and postmortem evidence suggests that the hyperintense T2-weighted signal observed at acute times following KA-induced seizure activity reflects acute edema (Bouilleret et al., 2000; Norman et al., 1990; Tanaka et al., 1993) . In humans with temporal lobe epilepsy, focal regions with high signal intensity Fig. 7 -Water-referenced metabolite levels in the dorsal hippocampus at baseline (MRS 1), 3 days (MRS 2), and 28-32 days (MRS 3) after kainic acid (Sz + NoSz) or water (Con) injection as quantified using peak integration. *p < .05 between Sz and Con, #p < .05 between Sz and NoSz.
on T2-weighted images have been noted and ascribed to transient focal edema when the MR scan is performed within hours of a seizure (Kramer et al., 1987; Stone et al., 1986) .
At the third scan, 1 month after status epilepticus, areas with high computed T2 in the ventral hippocampus and limbic cortex had resolved: in the ventral hippocampus, Fig. 8 -Water-referenced metabolite levels in the cerebellum at baseline (MRS 1), 3 days (MRS 2), and 28-32 days (MRS 3) after kainic acid (Sz + NoSz) or water (Con) injection as quantified using peak integration. *p < .05 between Sz and Con, #p < .05 between Sz and NoSz, +p < .05 between Con and NoSz. Fig. 9 -Correlations (non parametric Spearman rank) between ventricular volume and NAA or glutamate, and NAA and glutamate at the third scan.
hyperintensity was replaced with fluid-filled cysts. This contrasts with studies demonstrating persisting high signal intensity on T2-weighted images at 1 month (Tanaka et al., 1993) and 4 months (Bouilleret et al., 2000) following seizure activity. These inconsistent results may be due to the injection method used (previous studies used local stereotaxic injections of KA into limbic regions) or because in previous studies, epileptogenesis resulted in repetitive spontaneous motor seizures acutely associated with an increase in T2-weighted signal intensity and indicative of edema.
Ventricular enlargement
One month after seizure induction, lateral ventricular volume in the Sz group was significantly larger than at baseline and 3 days after KA administration, in agreement with MRI studies performed 9-10 days following KA treatment (Righini et al., 1994; Wolf et al., 2002) . Previous postmortem histology performed 1-7 days after systemic KA treatment revealed widespread neural damage in the hippocampal formation, amygdaloid complex, limbic cortex (piriform and entorhinal cortices), and midline thalamus (Bates et al., 1988; Sperk, 1994) . Thus, enlargement of the lateral ventricles is assumed to result from atrophy of the surrounding brain tissue, namely the hippocampus, amygdala, piriform cortex, and thalamus (Roland and Savage, 2007) . Although considered a marker for hippocampal atrophy related to Alzheimer's disease (Camara et al., 2008) , caution must be used when interpreting increases in ventricular volume, i.e., dysmorphology of a non-tissue, as a surrogate, to draw conclusions about the target structure (Pfefferbaum et al., 2004b) .
Metabolite changes
The decrease in NAA observed in the dorsal hippocampus 3 days following status epilepticus comports with studies in which a reduced NAA signal was observed in the hippocampus 12 h to 7 days following systemic KA-induced seizures (Ebisu et al., 1994; Ebisu et al., 1996; Najm et al., 1997 Najm et al., , 1998 ) and 1 to 84 days following local stereotaxic KA injections (LunaMedina et al., 2007; Mao et al., 2007; Tokumitsu et al., 1997 ). In the current study, the reduction in NAA in the dorsal hippocampus was not associated with changes in computed T2 (Ebisu et al., 1996; Tokumitsu et al., 1997) suggesting that MRS may detect a subtler or different form of tissue damage than is possible with T2-weighted imaging or regionally computed T2. A 50% recovery of NAA levels was observed in the Sz group at 1 month compared with levels at 3 days following status epilepticus. Because it is unlikely that neurogenesis accounts for the recovery in NAA levels (Nixon, 2006) , and because previous studies suggest that NAA levels can decline in response to KA-induced seizures even with little histological evidence for neuronal loss (cf., Ebisu et al., 1996) , it is presumed that the interpretation of NAA as solely a marker of neuronal viability is insufficient (Moffett et al., 2007) . The profound but transient decrease in NAA observed at 3 days following seizure activity may reflect mitochondrial dysfunction or compromised ATP production at the acute time point (Moffett et al., 2007; Retz and Coyle, 1982) . By contrast, the fraction of NAA that remained attenuated in the Sz group at the 1 month scan may indeed represent a loss of neurons, an interpretation underscored by the relationship between NAA and ventricular volume (Fig. 9) .
Levels of lactate were increased 3 days following KAinduced seizures (Luna-Medina et al., 2007; Najm et al., 1998) but returned to baseline levels 1 month later (Najm et al., 1997) . KA administration is associated with energy failure: a dramatic increase in glucose metabolism (Lothman and Collins, 1981 ) and a rapid and significant reduction in ATP and glucose (Retz and Coyle, 1982) may lead to accumulation of lactate. Concurrently, mitochondrial dysfunction related to impending neuronal loss may also increase lactate production (Ebisu et al., 1996) . Evidence for an increase in lactate following KA-induced seizure activity has been provided by several studies (e.g., Luna-Medina et al., 2007; Meric et al., 1994; Najm et al., 1997) and interpreted as reflecting an increase in cellular activity and metabolism leading to energy failure; the mismatch between oxidative metabolism and glycolysis may produce lactate.
Comporting with in vitro results (Alvestad et al., 2008; Petroff et al., 2002) , the current in vivo study revealed a statistically significant reduction in the levels of glutamate in the dorsal hippocampus at 3 days following status epilepticus in the Sz group compared with the NoSz and Con groups. At the 1-month scan, the levels of glutamate tended to be lower in the Sz group compared with the Con group. In human studies, levels of glutamate were described as lowest in gliotic regions of the epileptic hippocampus (Peeling and Sutherland, 1993; Petroff et al., 2002) suggesting that hippocampal glutamate levels in epilepsy may reflect severity of neuronal loss and the associated gliosis. The hippocampal formation of rats following KA-induced status epilepticus demonstrates reduced 13 C-labeling of glutamate, implying reduced glutamate content and variously interpreted as reflecting loss of glutamatergic neurons of the hippocampus or mitochondrial dysfunction of the remaining neurons (Alvestad et al., 2008) . The correlation observed in the current study between reduced glutamate levels and enlarged ventricular volume (suggestive of neuronal loss), however, supports the former interpretation (Fig. 9) .
For the most part, metabolite levels in the cerebellum did not change as a function of KA administration or status epilepticus. An exception was an increase in Cho 3 days following KA-induced status epilepticus. This increase in Cho is a novel finding that, if not a chance occurrence, may reflect generalized membrane breakdown, demyelination, or inflammation (Govindaraju et al., 2000) accompanying status epilepticus. Because the CT-PRESS data were acquired at TEs ranging from 36.6 ms to 241.4 ms (average TE = 139 ms), the signal intensities in the spectrum could be significantly affected by T2. However, if the metabolites showed a similar trend to longer T2 as water, this would lead to higher signals from all metabolites and, hence, could not explain the observed signal decreases from NAA and glutamate. Although a longer T2 could plausibly explain the increase in the lactate signal, we believe a change in lactate concentration was the dominant cause, in agreement with previous findings and interpretations (e.g., Luna-Medina et al., 2007; Meric et al., 1994; Najm et al., 1997, 1998).
Immunohistochemistry
Some histological studies implicate apoptotic processes in the neuronal death that occurs in brain regions targeted by KAinduced status epilepticus (Faherty et al., 1999; Kondratyev and Gale, 2000) . As caspase-3 proteases play a crucial role in apoptosis, immunohistochemistry for the caspase-3 protein was carried out to evaluate apoptotic cells in the CA1, CA3, and DG regions of the entire hippocampus (both dorsal and ventral regions). A significantly higher number of caspase-3 staining cells were observed in the Sz group than in the Con and NoSz groups, consistent with previous studies (Faherty et al., 1999; Kondratyev and Gale, 2000) . Status epilepticus-induced brain damage is pronounced in CA1 and CA3 regions of the hippocampus (Bouilleret et al., 2000; Sperk et al., 1983) , while the DG is relatively spared (Ben-Ari et al., 1981; Lothman and Collins, 1981; Olney et al., 1986) . This pattern of insult and sparing is consistent with the current findings where caspase-3 staining was pronounced in the CA1 and CA3 regions of the Sz group but indistinguishable among the three groups in the DG.
Limitations
Animals receiving KA and exhibiting status epilepticus are prone to the development of spontaneous seizures following a latent period. The length of the latent period, and the frequency of seizure occurrence, is, however, a contentious area of research (e.g., Williams et al., 2007) . In this study, although animals were regularly observed during the first week following KA administration when no spontaneous seizure activity was perceived, the animals were not monitored by video or electroencephalographic recordings 24 h a day for accurate detection of the first spontaneous motor seizure (Williams et al., 2007) . Thus, it is possible that at least some of the animals in the Sz group had spontaneous seizures by scan 4 that may explain the high variability in ventricular volume enlargement and recovery. The peak integration technique is potentially more prone to be affected by changes or differences in T2′ (i.e., the time constants for the signal decay due to B0 inhomogeneities) than are line-fitting routines such as the LCModel. However, this quantitation technique was used to quantify MRS data because one-dimensional (1D) linear least squares fitting methods such as the LCModel are in general not applicable to quantifying two-dimensional (2D) constant time point resolved spectroscopy (CT-PRESS) data. However, efforts are underway to develop an LCModel-type quantification method suitable for CT-PRESS data that will take advantage of the full 2D spectral information.
Conclusions
Unlike postmortem analyses where observations are limited to specific time points following insult, in vivo MR imaging and spectroscopy provide the opportunity to track the evolution and resolution of brain compromise. Three days following KAinduced status epilepticus, increases in computed T2 in the ventral hippocampus and limbic cortex indicated edema, whereas decreases in NAA and glutamate, and increases in lactate in the dorsal hippocampus indicated energy failure and the onset of tissue damage. One month following status epilepticus, the computed T2 increase had resolved, indicating that the edema was transient, and lactate levels normalized, indicating a return to normal glucose utilization or mitochondrial function. Some cavitation of ventral hippocampal tissue limited tissue volume recovery. NAA and glutamate levels remained significantly lower than baseline levels and, together with correlations with ventricular volume and the significant presence of caspase-3 staining indicate that a fraction of cells in the dorsal hippocampus were irrecoverably damaged. At the final scan, 42-50 days after status epilepticus onset, shrinkage of the enlarged ventricles occurred in some animals that may be indicative of tissue recovery. Detection of transient and permanent changes in the brain highlights the utility of MRI and MRS as tools to characterize the structural and neurometabolic profile of disease processes and their potential for evaluating the effects of medical and surgical treatments for diseases such as epilepsy.
Experimental procedures

Animals
The study group comprised 16 male, wild-type Wistar rats (Charles River Laboratories) singly housed with free access to food (vitamin-and mineral-enriched mouse and rat diet, #7001; Teklad, Madison, WI) and water. Rats were acclimated for 4 weeks before the first imaging session (baseline scan), at which time their average weight was 390.6 ± 15.3 g. The Institutional Animal Care and Use Committees at SRI International and Stanford University approved all procedures.
Kainic acid-induced status epilepticus
Kainic acid (Cayman Chemical, Ann Arbor, MI), purchased as a crystalline solid, was diluted in phosphate-buffered saline (PBS) to a final concentration of 2 mg/ml (pH adjusted to 7.2). After the baseline scan, 10 of 16 rats were administered intraperitoneally (i.p.) a starting dose of 10 mg/kg KA, then 10 mg/kg KA i.p. each hour for 4 h (Hellier et al., 1998; Hellier and Dudek, 2006) and monitored for seizure activity according to a modified Racine scale: 0 = no changes, .5 = wet dog shakes, 1 = mouth and facial movements, 2 = head nodding, 3 = forelimb clonus, 4 = rearing, 5 = rearing and falling (Racine, 1972) . Five of the ten animals that received KA exhibited seizure activity with a minimum score of 3 for at least 3 h (total dose: 10-50 mg/kg); this behavioral pattern was classified as status epilepticus and these animals were included in the seizure (Sz) group. The other 5 of 10 rats that received KA (total KA dose = 50 mg/kg) did not exhibit seizure activity and were classified as the no-seizure (NoSz) animals. The remaining 6 animals were injected i.p. with equivalent volumes of saline and were designated the control (Con) group. Seizure animals were monitored daily until they consumed food and water, groomed, and defecated as normal (∼1 week). Until this point of recovery, animals were kept hydrated with subcutaneous injections of saline (10 ml) and fed Critical Care (Oxproline, Murdock, NE) intragastrically.
MR scanning procedures
Schedule
All animals were scanned at baseline (scan 1), and then 3 days (scan 2) and 1 month (28-32 days, scan 3) after KA administration (Table 1) . To track local brain damage progress or recovery, the Sz group had an additional scanning session 42-50 days (scan 4) after status epilepticus induction.
Anesthesia and monitoring
Animals were held in an MR-invisible structure providing support for a radiofrequency (RF) coil and a nose cone for delivery of isoflurane anesthesia (1.5% to 3.5%) and oxygen (1.5 l/min) (Adalsteinsson et al., 2004; Pfefferbaum et al., 2004a) . Blood oxygen saturation, pulse rate, rectal temperature, and respiration were monitored throughout the experiment. Heating was provided by pre-warmed bags of saline solution placed under the animals. Scanning sessions were ∼2 h for each rat.
MRI acquisition
The experiments were conducted on a clinical 3T GE Signa MR scanner equipped with a high-strength insert gradient coil (peak strength = 600 mT/m, peak slew rate = 3200 T/m/s; Chronik et al., 2000a,b) . The gradient system was operated at an amplitude of 500 mT/m with a slew rate of 1800 mT/m/ms. A custom-made rat brain quadrature head coil (∅ = 44 mm) was used for both RF excitation and signal reception. A gradientrecalled echo (GRE) localizer scan (echo time (TE)/repetition time (TR) = 1.9/7.7 ms, field of view (FOV) = 80 × 80 mm 2 , 256 × 128 matrix, 5 mm slice per plane) was used to position the animals in the scanner and for graphical prescription of the subsequent scans. High-resolution, dual-echo, FSE images were acquired in the coronal plane, transaxial to the magnet system bore (TE1/TE2/TR = 12/60/5000 ms, FOV = 64 × 48 mm 2 , 256 × 192 matrix, echo train length = 8, 50 slices, .3 mm thick, 0 mm skip (no slice gap), 4 acquisitions, NEX = 3). Nominal acquisition resolution was .25 mm × .25 mm in plane. Herein, "early echo" refers to TE1 = 12 ms and "late echo" refers to TE2 = 60 ms.
Image postprocessing
MRI data from scans 1, 2, and 3 were quantified after registration to the baseline images of one untreated, reference animal . For registration, to support more finely sampled deformation fields, the data were upsampled to near-isotropic voxels (.117 × .117 × .125 mm) using cubic spline interpolation. Each animal's scan 1 image was registered to the reference animal's scan 1 data with rigid followed by affine followed by nonrigid registration (Rohlfing and Maurer, 2003; Rohlfing et al., 2006 Rohlfing et al., , 2008 . For longitudinal alignment, each animal's scan 2 and scan 3 images were similarly registered to its own scan 1 data. For the Sz group, each animal's scan 4 images were also registered to its own scan 1 data.
By concatenating inter-animal and within-animal transformations for scans 2 and 3, rather than registering scan 2 and scan 3 images to the reference animal independently, it was ensured that the unavoidable residual misalignments between animals were consistent for all three scans within each animal. Rigid registrations, preserving relative withinanimal size, were retained for individual and group average display. T2 maps (computed voxel-by-voxel: T2 = [TE2 − TE1] / [log(Intensity TE1 ) − log(Intensity TE2 )]) were constructed for display and are herein referred to as computed T2. The three regions of interest for tissue T2 computation were drawn on the time 2 data for each rat. After rigid alignment (preserving all size information) of all sessions to the same image space, the ROIs were projected onto times 1 and 3 images and manually edited to ensure that no ventricular enlargement or cavitation was included in the ROI. A 5 slice ROI encompassing the lateral ventricle was defined on a group average time 1 brain. Rigid inter-subject alignment for all animals for all times preserved ventricular size and allowed for projection of the ventricular ROI to each animal for each observation time. Thresholding for ventricular volume was accomplished by constructing histograms for all computed T2 voxels in the ROI, normalizing the histograms to time 1, and defining all voxels greater than 110 ms as cerebral spinal fluid (Fig. 3) .
MRS acquisition
FSE images were used to prescribe voxels in the dorsal hippocampus to determine seizure effects and in the cerebellum to provide a control structure. Optimization of voxel size for high signal-to-noise ratio (SNR) precluded MRS measurements in the smaller ventral hippocampus. The dorsal hippocampal voxel (∼ .16 cm 3 = 9.8× 4 × 4 mm 3 ) was centered at approximately −4.00 mm Bregma (and extended 2 mm anterior and posterior to this central point), extended 4.9 mm to the right and left of midline, and 4 mm inferior to −3.10 mm Bregma, according to the atlas of Paxinos and Watson (2005) . The cerebellar voxel (∼ .19 cm 3 = 8.5 × 5 × 4.6 mm 3 ) extended 2.5 mm anterior and posterior to a central position at approximately-11.80 mm Bregma, 4.25 mm to the right and left of midline, and 4.6 mm inferior to −3.60 mm Bregma, according to the atlas of Paxinos and Watson (2005) .
Spectroscopy was performed with a constant time point resolved spectroscopy (CT-PRESS) sequence (Dreher and Leibfritz, 1999; Mayer and Spielman, 2005; Mayer et al., 2007) , which allows for the detection of J-coupled resonances (e.g., glutamate) with increased SNR and spectral resolution by using effective homonuclear decoupling. CT-PRESS consists of a modified PRESS module in which the position of the last refocusing pulse is shifted to encode the chemical shift (CS) in the second time dimension (t 1 ). The pulse was shifted in 129 steps with increment Δt 1 / 2 = .8 ms corresponding to a spectral width (SW 1 ) of 625 Hz in f 1 . The average TE of the sequence was 139 ms, optimized for the detection of glutamate. To increase SNR, data acquisition (2048 complex points at SW 2 = 5000 Hz) started immediately after the last crusher gradient of the second refocusing pulse. A threepulse CS-selective sequence for water suppression and an outer volume suppression module using selective saturation pulses preceded CT-PRESS. TR was 2 s, and 4 excitations were performed without data acquisition to establish a steady state. With 6 averages, the acquisition time per spectrum was 26:36 min. An additional acquisition without water suppression was carried out (17 CS encoding steps, Δt 1 / 2 = 6.4 ms, 2 averages, T acq = 1:16 min) to measure tissue water content used to normalize the metabolite signal intensities.
The amount of cerebral spinal fluid and tissue water in the spectroscopic voxel was estimated by fitting the data acquired without water suppression across the 17 TEs to a biexponential model, as described in Mayer et al. (2007) . Apodization of the water-suppressed data involved multiplication with sine-bell functions in both time dimensions and zero filling up to 4096 × 1024 data points. A t 1 -dependent shift was applied in t 2 to correct for the different start of data acquisition. After performing a two-dimensional fast Fourier transform, effectively decoupled one-dimensional CT-PRESS spectra were obtained by integrating the signal along f 2 within a ±13 Hz interval around the spectral diagonal. Metabolite signals in the one-dimensional spectra were evaluated by peak integration with an interval of ±6 Hz. The quality of the spectra allowed evaluation of signals from N-acteylaspartate (NAA, 2.02 ppm), total creatine (tCr, 3.03 ppm and 3.93 ppm), choline-containing compounds (Cho, 3.24 ppm), glutamate (Glu, 2.36 ppm), the combined resonances of glutamate and glutamine (Glx, 3.78 ppm), and lactate (1.31 ppm) (cf., Govindaraju et al., 2000) .
To investigate spatial consistency of voxel prescriptions (i.e., their reproducibility), the voxel ROIs were generated as binary masks for each acquisition, i.e., for each animal and each scan time. For each animal, the ROIs from the follow-up scans were reformatted into the baseline scan coordinates of the same animal via the rigid coordinate transformations previously determined by image-to-image registration. A Dice overlap measure (Dice, 1945) was then computed between the baseline and each of the reformatted follow-up ROIs, again for each animal separately. The resulting overlap scores were as follows: for the hippocampal ROIs, .868 ± .011; for the cerebellar ROIs, .883 ± .008. To put these values into perspective, we refer to previous results (Rohlfing et al., 2004 ) that quantified the dependence of the Dice measure on the shape and size of the region of interest. In short, the Dice measure between discretely sampled regions is more sensitive for smaller structures and for structures with larger surface areas relative to their volumes. In particular, given the surface-to-volume ratio of an ROI, one can compute the Dice overlap between that ROI and the same ROI after eroding it by one pixel. The result represents the Dice overlap that corresponds to undersegmentation of the ROI by one pixel everywhere along its surface. For the ROIs under consideration here, the mean surface-to-volume ratio was .301 for the hippocampal ROIs and .277 for the cerebellum ROIs. For a surface-to-volume ratio of .3, a previously derived formula (Rohlfing et al., 2004) for missing one pixel along the entire surface of the ROI yields a Dice overlap of .82. The reproducibility of our ROIs is thus substantially better.
Immunohistochemistry
After MR scanning session 4, 50 days following status epilepticus induction, all animals were anesthetized and perfused transcardially with 4% paraformaldehyde (PF) solution. Brains were removed, postfixed in 4% PF (4°C overnight), and then transferred for storage and shipment into a 30% sucrose phosphate buffer solution (PBS). The histologist (E.L.F. C.) sectioned brains into serial coronal 40 μm sections using an American Optical freezing microtome. Sections were saved in strict anatomical order, collected in a 1/8 series, and stored in .1% NaN 3 in .1 M PBS at 4°C until processing for immunohistochemistry (IHC). Every 7th section of the hippocampus, Bregma −1.8 mm to −6.3 mm (Paxinos and Watson, 1997) , was mounted on a glass slide (SuperFrost Plus: Fisher Scientific, Hampton, NH) and allowed to air-dry overnight. Prior to antibody incubation, sections were pretreated as follows: antigen unmasking (.01 M citric acid, pH 6.0, 95°C, 10 min), membrane permeabilization (.1% trypsin in .1 M Tris and .1% CaCl 2 , 10 min), and DNA denaturing (2N HCl in .1 M PBS, 30 min). Sections were then incubated in 1% hydrogen peroxide in .1 M PBS (20 min) to remove any endogenous peroxide activity. Non-specific binding was blocked by incubating sections in 5% normal horse serum (NHS) and .5% Triton X-100 in PBS for 60 min. Sections were incubated in rabbit polyclonal cleaved caspase-3 (Asp 175) antibody (Cell Signaling Technologies, Danvers, MA) diluted 1:500 in 5% NHS, .5% Tween 20 in PBS (24 h), and then in undiluted Rabbit ImmPRESS (Vector Labs, Burlingame, CA; 60 min). DABIMPACT (Vector Labs) was used to visualize the staining reaction. Sections were counterstained with Fast Red (Vector Labs), dehydrated through a graded series of ethanols, and coverslipped with Permount. Omission of the primary antibody resulted in a lack of specific staining.
Cell counts were performed in the neuronal cell layers of the hippocampus using 200× (20× objective, .40 NA) and 400× magnifications (40× objective, .65 NA) under bright field illumination on a Nikon SBR-KT microscope. All caspase-3 positive pyramidal cells in CA1, CA3, and the granule cell layer of the dentate gyrus were counted in the right hemisphere of every 7th hippocampal section throughout the anterior to posterior extent of the hippocampal formation.
Statistical analysis
Group differences were analyzed using repeated-measures ANOVA and confirmed, in certain instances, by the KruskalWallis (KW) one-way ANOVA by ranks. Only group effects and their interactions were of interest to this analysis. Follow-up between group differences were conducted with t-tests (1-tailed for predicted directions).
